A B S T R A C T Imatinib (IMT), a specific tyrosine kinase inhibitor (TKI), has drastically changed the treatment strategy for Ph+ ALL (Philadelphia chromosome-positive acute lymphoblastic leukemia). However, TKI resistance remains a serious problem for patient prognosis. Here, a Ph+ ALL cell line NphA2 and the IMT-resistant subline NphA2/ STIR were analyzed to identify a potential novel treatment strategy. We also examined other Ph+ ALL cells, MR87 and its IMT-resistant subline, MR87/STIR. IMT induced apoptosis of NphA2 and MR87 but had no effect on resistant sublines. Increased phosphorylated ERK and BCL2, but not BCL-XL, were observed in NphA2/STIR compared with NphA2. NphA2/STIR but not NphA2 was moderately sensitive to U0126, an ERK inhibitor. Interestingly, SP600125, a JNK inhibitor, was potent in cell growth inhibition and apoptosis induction of both parental and IMT-resistant NphA2 and MR87 cells. Moreover, NphA2 and MR87 and their IMT-resistant sublines were sensitive to ABT-199, a specific BCL2 inhibitor. The combination of SP600125 and ABT-199 synergistically suppressed both parental and IMT-resistant cells, including one with T315I mutation, suggesting that Ph+ ALL exhibits high sensitivity to ABT-199 and SP600125 regardless of TKI resistance. This combination might be a possible therapeutic strategy for Ph+ ALL in the future.
Introduction
The Philadelphia chromosome (Ph) cytogenic abnormality results in the BCR-ABL fusion gene and comprises at least 25% of adult acute lymphoblastic leukemia (ALL) cases and up to 50% in the older population [1] . These leukemia cells are mostly sensitive to conventional cytotoxic drugs, but complete remission is not durable [2, 3] . Before the era of molecularly targeted therapy, less than 30% of these patients achieved stable remission, even with aggressive chemotherapy [4] . Although allo-stem cell transplantation represents an effective form of treatment, the long-term overall survival is still not satisfactory.
The BCR/ABL fusion gene encodes a tyrosine kinase that plays a critical oncogenic function in Ph+ ALL and chronic myeloid leukemia (CML). The development of BCR/ABL-specific tyrosine kinase inhibitors (TKIs) has drastically changed the treatment of these diseases [5, 6] .
Treatment with the first TKI, imatinib (IMT), was tolerable with no therapy-related death, and induced complete hematological remission as well as cytogenetic response. TKIs thus represent the first-line treatment of these diseases.
Despite the implementation of TKIs, this disease still shows relapse [7] . One reason for relapse is the acquired resistance against IMT due to point mutation (including T315I) or compound mutations of BCR/ABL. More potent TKIs, including second, third, and new generation TKIs, have been or will be introduced to the clinic; however, resistance against third generation TKIs has already been reported [8] . In addition to resistance issues, some TKIs also produce serious vascular effects [9] .
In this study, we examined IMT resistance using NphA2 [10] , a Ph+ ALL cell line, as well as MR87 (Ph+ bi-phenotypic AL) [11] , along with the IMT-resistant sublines, NphA2/STIR and MR87/STIR. NphA2/STIR cells do not have mutation in the kinase domain of BCR/ABL and do not show increased phosphorylated ABL [10] . We used these cells to analyze the BCR/ABL-independent IMT-resistance mechanism and focused on several key signaling and apoptosis pathways.
Materials and methods

Cell lines
NphA2 and its IMT-resistant subline NphA2/STIR were previously reported [10] . K562 cells and the doxorubicin-resistant K562/DNR cells were described before [12] . The MR87 cell line has been reported, and the IMT-resistant subline, MR87/STIR, was established by gradually increasing IMT concentration up to 10 μM during cell culture. TCCY/sr is a Ph+ ALL cell line with T315I mutation [13] . NALM16, Jurkat and U937 cells were reported previously [14] . CML-derived MEGA2 cells were described before [15] .
Reagents
IMT, NRT (nirotinib), and DST (dasatinib) were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). Cell signaling pathway inhibitors U0126, LY294002, SB203580, and SP600125 were obtained from Calbiochem (San Diego, CA, USA). The BCL2-specific inhibitor ABT-199 (venetoclax), pan-BCL2 family inhibitor ABT-263 (navitoclax), and MCL1 inhibitor A-1210477 were from Abcam (Cambridge, UK). The MCL1 inhibitor marinopyrrole A (moritoclax) was purchased from ChemScene (Monmouth Junction, NJ, USA). The JNK inhibitor JNK-IN-8 was obtained from Sigma (St. Louis, MO, USA).
Cell viability assays
Cells were plated in triplicate at 2 × 10 5 /ml (in most cases) in 24-well plates and treated with drugs at various concentrations as indicated in the experiments. Cells were cultured for the indicated number of days and then viable cells were counted by trypan blue dye exclusion. Assays were performed in triplicate.
Western blotting
Western blotting was performed as previously described [12] using the antibodies shown in Supplementary Table 1.
Isobologram analysis
The isobologram method was performed according to the previous report [14] .
Statistical analysis
Statistical significance was analyzed by Student's t-test or one-way ANOVA with Tukey's test for multiple comparisons. All analyses were performed using Prism 6 software (GraphPad; La Jolla, CA, USA).
Results
Characterization of NphA2/STIR cells
A previous study showed that NphA2/STIR exhibits BCR-ABL-independent and RAS/MAPK pathway-dependent IMT resistance [10] . We tested whether NphA2/STIR cells show resistance to other BCR/ABL kinase inhibitors, NRT and DST. Cell viability assays showed that the BCR/ABL-specific TKIs (IMT, NRT, and DST) all effectively suppressed proliferation of parental NphA2 cells ( Fig. 1a ). However, NphA2/STIR cells were resistant to IMT, as well as NRT and DST. NphA2 cells showed decreased PCNA, increased cleaved PARP and cleaved caspase-3, indicating a gradual induction of apoptosis from day 2 to day 4 ( Fig. 1b ). Both p15 and p27, but not p21, were increased by IMT in NphA2 cells but not in NphA2/STIR cells, suggesting an involvement of p15 and p27 and cell cycle arrest in IMT-induced decrease in cell viability. P16 was not detected in these cells (data not shown).
We also examined the sensitivities of NphA2 and NphA2/STIR cells to conventional anti-cancer drugs ( Supplementary Fig. 1 ). These two cell lines showed similar sensitivity patterns, although NphA2/STIR were slightly more resistant to daunorubicin, AraC, paclitaxel and camptothecin than NphA, suggesting that the TKI resistance of NphA2/ STIR was relatively BCR/ABL-TKI specific.
We established MR87/STIR cells from parental MR87 [11] by gradually increasing IMT concentration in cell culture. MR87/STIR cells showed resistance to high concentration of IMT, NRT and DST ( Supplementary Fig. 2 ). We also examined K562, a CML-derived erythroleukemia cell line, and the daunorubicin-resistant subline K562/ ADR. Both K562 and K562/DNR cells were sensitive against all three TKIs, suggesting a different mechanism of daunorubicin-resistance in K562/ADR cells compared with IMT-resistance mechanism in NphA2/ STIR or MR87/STIR cells.
Analysis of cellular signaling pathways
We next examined several cellular signaling pathways. As shown previously [10] , ERK was activated to a higher extent in NphA2/STIR cells than NphA2 cells ( Fig. 2a ). U0126, an ERK inhibitor, inhibited proliferation of NphA2/STIR cells more than NphA2 cells ( Fig. 2b ). AKT was activated to similar levels in both NphA2 and NphA2/STIR cells. Interestingly, SP600125, a JNK inhibitor, not only inhibited cell proliferation but also induced cell death of these two cell lines, as well as K562 and K562/DNR cells ( Fig. 2b and Supplementary Fig. 2c ). Decreased c-Jun phosphorylation, a target of JNK, by SP600125 (20 μM) was confirmed in both NphA2 and NphA2/STIR cells (Fig. 2c ), and SP600125 induced cleaved PARP and cleaved caspase-3, suggesting apoptosis induction in both cell lines ( Fig. 2c ). Moreover, JNK-IN-8, a novel JNK inhibitor with high specificity [16] , exhibited similar cytotoxicity in NphA2/STIR cells to that of SP600125 ( Supplementary  Fig. 3 ). We examined whether JNK is located downstream of BCR/ABL. Fig. 2d showed that IMT treatment of NphA2 suppressed p-JNK in a time-dependent way. Supplementary Fig. 4 showed cell signaling proteins in MR87 cells and IMT-resistant MR87/STIR cells. The expression patterns of these cells were similar except p-ERK (high in MR87 and low in MR87/STIR). MR87 and MR87/STIR cells were also sensitive to SP600125 ( Supplementary Fig. 5a ).
Effects of BCL2 family inhibitors
We next examined BCL2 family proteins. BCL2 levels in NphA2/ STIR cells were higher than that of NphA2 cells, whereas K562 and K562/DNR cells did not show significant BCL2 expression ( Fig. 3a) . Interestingly, K562 and K562/DNR cells expressed much higher BCL-XL and MCL1 than NphA2 and NphA2/STIR cells. We did not detect survivin in any of the cell lines in our experimental conditions (data not shown). The expression profiles of apoptosis-related proteins BCL2, BCL-XL and MCL1 in MR87 and MR87/STIR cells were similar to those in NphA2 and NphA2/SITR cells ( Supplementary Fig. 4 ).
We next examined the effect of the BCL2-specific inhibitor ABT-199 (venetoclax) on cell viability (Fig. 3b ). ABT-199 inhibited cell proliferation of NphA2 and NphA2/STIR cells in a dose-dependent manner, and at higher concentrations, it rapidly induced cell death. In contrast, K562 and K562/DNR cells were not sensitive to ABT-199, but were moderately sensitive to ABT-263 (navitoclax), an inhibitor of both BCL2 and BCL-XL (Fig. 3c) . The mild effect of ABT-263 in K562 and K562/ DNR cells suggests the involvement of other survival mechanisms, such as those mediated by MCL1, which is not sensitive to ABT-263 and ABT-199. MR87 and MR87/STIR cells also showed high sensitivity against both ABT-199 and ABT-263 ( Supplementary Fig. 5b ). Further analysis of other leukemia cell lines NALM16, Jurkat, and U927 revealed that NALM16 cells were sensitive to ABT-199, whereas Jurkat and U937 cells were resistant to both ABT-199 and ABT-263 ( Supplementary  Fig. 6a ). Interestingly, Jurkat and U937 cells exhibited high sensitivity to marinopyrrole A (maritoclax), a MCL1 inhibitor, suggesting a MCL1dependent survival pathway in these cells ( Supplementary Fig. 6b ). We also examined another MCL1 inhibitor, A1210477, and found similar suppressive effects against K562, K562/DNR, Jurkat, U937 and MEG-A2 cell viability (data not shown).
Combined effects of ABT199, IMT and SP600125
We next examined the effects of combining ABT199 with IMT or SP600125 in NphA2 and NphA2/STIR cells and found a significant reduction in cell viability compared with each reagent alone in NphA2 cells (Fig. 4a ). SP600125 (10 μM) combined with ABT199 was also effective in suppressing growth and inducing death in both NPhA2 and NphA2/STIR cells. ABT199 (20 nM) alone strongly suppressed viability of both cell lines. Similar data were obtained with JNK-IN-8 combined with ABT199 in NphA2/STIR cells ( Supplementary Fig. 3 ).
We next determined whether the combination of ABT-199 and SP600125 was synergistic or additive. The isobologram illustrating IC50 doses of ABT-199 and SP600125 combination revealed a shift to the left against the line connecting the IC50s of SP600125 (13 nM) and ABT-199 (8.5 μM), indicating a synergistic effect. The combination of IMT + ABT-199 also showed the synergistic effect but not the combination of IMT + SP600125, although high concentration of IMT (100 μM) is needed to reach IC50 in NphA2/STIR cells (Fig. 4b) . It is interesting that both ABT-199 + Sp600125, and IMT + ABT-199 produced synergistic effect while IMT + SP600125 did not show such promising effect, suggesting the relationship between each signaling pathway of NphA2/STIR cells.
Western blotting of cleaved PARP and cleaved caspase-3 of NphA2/ STIR cells treated with various inhibitors and their combination (Fig. 4c ) supports the strong induction of apoptosis in response to some of these inhibitors.
K562 and K562/DNR cells did not exhibit high sensitivity to ABT-199 and ABT-263. However, maritoclax inhibited cell proliferation of K562 and K562/DNR cells, suggesting their MCL1-dependency ( Supplementary Fig. 7) , as observed in Jurkat and U937 cells. The combination of SP600125 and maritoclax resulted in remarkable cytotoxicity in both K562 and K562/DNR cells.
We also observed a strong effect of SP600125 and ABT199 in highly TKI-resistant Ph+ ALL cells with T315-mutation, TccY/sr (Fig. 4d ), indicating these inhibitors are effective in these cells.
Discussion
BCR/ABL is derived from a chromosome translocation, t(9:22) and is the major cause of CML and Ph+ ALL due to constitutive ABL kinase activity. The development of BCR/ABL-specific TKIs predicted wide clinical application of these TKIs and the potential cure of BCR/ABLrelated diseases. However, TKI resistance is frequently observed and results in worse patient prognosis. Most TKI resistance has been linked to the BCR/ABL protein; however, some studies have reported a BCR/ ABL-independent resistance to TKI [17] .
ERK inhibition induced growth inhibition of NphA2/STIR cells, consistent with our previous report [10] . The same paper showed EphB4 activation (phosphorylation) and Ras activation (by the RAS activity assay) of NPhA2/STIR, suggesting that the enhanced activation of MEK-MAPK pathway is downstream of RAS pathway. It has recently been reported that EphB4 promotes RAS/MEK/ERK pathway in MCF-7 breast cancer cells [18] .
Concerning another important signaling pathway, JAK/STAT, phosphorylated STAT3 was increased, whereas phosphorylated STAT5 was decreased [10] . Furthermore, inhibition of the ATK pathway and the JAK/STAT pathway did not produce significant changes of cell proliferation of NPhA2 and NPhA2/STIR cells, suggesting that these pathways did not play a major role [10] .
However, the effect of the JNK inhibitor SP600125 on IMT-resistant Ph+ ALL cells has not been studied. We showed cytotoxicity of SP600125 in Ph+ ALL as well as IMT-resistant sublines. JNK activation has been reported to exert various effects, either apoptosis induction or enhancing cell survival and proliferation [19] . BCR/ABL activates JNK and requires Jun for transformation [20] , and c-jun gene expression in BCR/ABL-transformed cells corresponds with increased JNK activity [21] . Moreover, It has been reported that JNK1 is crucial in the transformation of B lymphoblasts by BCR/ABL in vitro [22] . Actually, BCR/ ABL causes JNK-dependent increase of BCL2 protein expression. Recent study also reported the effect of JNK suppression on imatinib sensitivity [23] . IMT suppressed JNK activation in a time dependent manner of NphA2 cells (Fig. 2d ), suggesting that in NphA2 cells, JNK was downstream of BCR/ABL. In contrast, JNK inhibition was reported to induce cycle blockade and apoptosis in some tumor cell types [24, 25] . SP600125 was reported to enhance apoptosis of some tumor cells [26, 27] . We also showed cytotoxicity of the JNK inhibitor JNK-IN-8, which exhibits higher specificity and a different JNK inhibition mechanism ( Supplementary Fig. 3 ). However, after the initial characterization of SP600125 [28] , a heterogeneous action of SP600125 was reported [29] . Therefore, further analysis is needed to identify the target of SP600125 in our cells.
The BCL-2 family represents the key regulators of the intrinsic apoptotic pathway [30] and consists of anti-apoptotic and pro-apoptotic members [31] . Navitoclax (ABT-263), an orally bioavailable small molecule with a high affinity for both BCL2 and BCL-XL, exhibited excellent antitumor efficacy, mainly in lymphoid malignancy [32] . Due to the dose-limiting toxicity of thrombocytopenia by navitoclax, the BCL2-selective inhibitor ABT-199 (venetoclax) was pursued [33] . Clinical efficiency of ABT-199 has been reported in lymphoid malignancies [34] [35] [36] . ABT-199 enhances IMT-induced cell death in CML progenitors [37] . The FDA recently approved ABT-199 for some subtypes of chronic lymphocyte leukemia. However, the efficacy of ABT-199 in Ph+ ALL has not been studied extensively [38] , and its effect on IMT-resistant cells has not been reported.
A previous study showed that ABT-199 significantly reduced the number of normal myeloid progenitors with an IC50 of 20 nM [37] . Thus, ABT-199 below 20 nM is the practical range to analyze its cytotoxicity against leukemia cells. The most interesting point of our work is that Ph+ ALL or Ph+ AL cells are very sensitive to ABT-199 used at 20 nM, regardless of IMT sensitivity.
In contrast, CML-derived K562 cells were resistant to ABT-199 and moderately sensitive to ABT-263. Although MCL1 inhibitors, including marinopyrrole A, have other targets than MCL1 [39] , marinopyrrole A inhibited K562 and K562/DNR cells as well as Jurkat and U937 cells ( Supplementary Figs. 5b and 6 ). Moreover, our experimental data using another MCL1-specific inhibitor, A1210477, confirmed the MCL1-dependency of these several leukemia cell lines including CML-derived cell lines, K562, K562/DNR and MEGA2 (data not shown).
Some studies reported that non-Hodgkin lymphoma cells exhibited BCL2-dependence on their survival, whereas others showed MCL1-or BCL-XL-dependence [40] . Therefore, the expression profile of BCL2 family proteins may determine the survival of clinical cancer and leukemia cells and help predict the therapeutic utility of respective BCL2 family inhibitors. This issue was recently reviewed and BH3 profiling is one useful strategy to select drugs for clinical usage [41] .
Together, our present results suggest that the combination of ABT-199 and SP600125 synergistically suppressed cell proliferation and induced apoptosis of Ph+ ALL cells regardless of TKI resistance, including cells with the T315I BCR/ABL mutation. Our findings also suggest that an appropriate BCl2 family inhibitor and JNK inhibitor combination can be envisaged for the future treatment of acute leukemia.
